Thanks to the recent advancement of DNA sequencing technology, the cost and time of prokaryotic genome sequencing have been dramatically decreased. It has repeatedly been reported that genome sequencing using high-throughput nextgeneration sequencing is prone to contaminations due to its high depth of sequencing coverage. Although a few bioinformatics tools are available to detect potential contaminations, these have inherited limitations as they only use protein-coding genes. Here we introduce a new algorithm, called ContEst16S, to detect potential contaminations using 16S rRNA genes from genome assemblies. We screened 69 745 prokaryotic genomes from the NCBI Assembly Database using ContEst16S and found that 594 were contaminated by bacteria, human and plants. Of the predicted contaminated genomes, 8 % were not predicted by the existing protein-coding gene-based tool, implying that both methods can be complementary in the detection of contaminations. A web-based service of the algorithm is available at www.ezbiocloud.net/tools/contest16s.
INTRODUCTION
In recent years, the cost and time of genome sequencing have been decreased dramatically thanks to the development of new DNA sequencing techniques, called next-generation sequencing (NGS). At present, the number of prokaryotic genome sequences in public databases reaches almost 70 000. It has been suggested that the use of largescale genome data greatly facilitates our knowledge and understanding of the microbial world [1, 2] . Also, its application to clinical microbiology should pave the way to the better diagnosis of infectious diseases [3] .
As the use of NGS becomes more routine in microbiology, there is increasing concern regarding quality assurance of the sequence data generated, including contamination [4] [5] [6] [7] . Contamination in DNA sequence data may result from either biological sources (cells) or DNA present in reagents or instruments. Because NGS produces much more raw data than the conventional Sanger method (>10-fold), there is more chance of contamination. This issue is of particular importance in clinical laboratories as contamination events can lead to false diagnostics. Development of a method to detect such cases as a quality control process is of primary importance in routine microbial genomics laboratories.
A few algorithms and software tools are available to detect contamination in draft genome assemblies. DeconSeq [8] requires a pre-built database of potential contaminants that is specialized to detect human DNA in genome or metagenome assemblies. ProDeGe [9] and CheckM [10] use the single-copy protein-coding genes that are highly conserved across the domains Bacteria and Archaea. These methods are useful in detecting possible contaminations in draft genome assemblies in public databases. However, in principle, they cannot differentiate contamination from lateral gene transfer, which often takes place in many bacterial species [11] . In contrast to single-copy protein-coding genes, rRNA genes are present in multiple copies and are known to be less prone to horizontal gene transfer events [12] . Here we propose a novel algorithm to detect possible biological contamination from prokaryotic genome assemblies using 16S rRNA gene sequences, which we have named ContEst16S. The method developed here successfully identified potentially contaminated genome assemblies in public databases and proved to be useful in complementing the existing bioinformatics tools based on protein-coding genes.
METHODS Algorithm
The overall scheme of the ContEst16S algorithm is provided in Fig. 1 .
The 16S rRNA gene fragments were extracted from genome sequences using the INFERNAL software [13] , with the following parameters: cmsearch -g --noali -E 1.0E-5. The data model used was Rfam 12.1 [14] . Only fragments of at least 500 bp were selected for subsequent analysis.
If one or no fragments are detected, the genome is classified as 'Undecided'. Otherwise, all possible pairwise sequence similarities are calculated among the extracted fragments using the algorithm of Myers and Miller [15] . If a pair of fragments is not aligned at all or by at least 400 bp, the calculation is ignored. If two fragments meet all of the following two conditions, the genome is classified as 'Contaminated': (i) two fragments differ by >5 % in sequence similarity, and (ii) the best search hits of two fragments show >97 % similarity to the known sequences in the EzBioCloud 16S rRNA database containing type strains and representatives of phylotypes [16] . They should also belong to different genera. Otherwise, it is considered 'Undecided'. We did not use the term 'Not Contaminated' for the cases of 'Undecided', as this may lead to the notion that the genome is free of contamination. It should be emphasized that our algorithm can only detect undoubtedly contaminated genome sequences, but cannot guarantee that it is free of contamination.
Implementation
The algorithm was implemented using the JAVA programming language (www.java.com) and MySQL database (www.mysql.com/) on a Linux operating system. Searching against the reference 16S rRNA database was carried out using the combination of BLASTN and pairwise sequence alignment [16] . A multiple sequence alignment was generated from all the extracted 16S rRNA gene fragments, their best hits to the reference database and selected representative sequences (Escherichia coli, Bacillus cereus, Flavobacterium aquatile, Micrococcus luteus, Nostoc punctiforme) using MUSCLE software [17] . Aligned nucleotide positions with >50 % of bases (non-gaps) in the resultant multiple sequence alignment were then selected to generate a maximum-likelihood phylogenetic tree using the RaxML software [18] . A web-based service to detect contamination from a whole genome assembly (as FASTA format) using the ContEst16S algorithm is provided at www.ezbiocloud. net/tools/contest16s.
RESULTS AND DISCUSSION
The algorithm was applied to the currently available entries of the NCBI Assembly Database (www.ncbi.nlm.nih.gov/ assembly/), which is a primary public depository of prokaryotic genomes. The first step of the ContEst16S algorithm is to extract 16S rRNA gene fragments from whole genome sequences. Only fragments of >500 bases are considered as they are used for taxonomic identification in the next step. These extracted fragments do not necessarily represent operons or whole genes in draft whole genome assemblies.
Of 69 745 genomes, 44 933 contain a single 16S rRNA gene fragment, whereas 4285 contain no fragments. These cases are not considered further because the ContEst16S algorithm could not be applied. The remaining genomes contain two or more 16S rRNA gene fragments (>500 bp). Streptococcus agalactiae 18RS21 (NCBI assembly accession: GCF_000167715.1) contains the highest number of 16S rRNA gene fragments among the tested genomes. Since all the 62 fragments were matched to the type strain of Streptococcus agalactiae with >97 % similarity, it was not predicted as 'Contaminated'.
Nucleotide sequence differences between a pair of the extracted 16S rRNA gene fragments in 1662 genomes were found to be 5 % or higher, among which 1068 did not have best hits against the reference 16S rRNA database with the 97 % similarity cutoff. In these cases, we reasoned that (i) one or both fragments contain substantial sequencing errors, (ii) one or both fragments are pseudogenes or (iii) there is no similar entry in the reference 16S rRNA database that matched the extracted fragments.
A probable case of pseudogenes was found for the complete genome of Borrelia afzelii strain PKo (GCF_000222835.1), and is discussed further. Two 16S rRNA gene fragments, namely Fragment #1 (1536 bp) and Fragment #2 (1509 bp), were extracted from the Borrelia afzelii genome sequence which differed by 18.1 %. In this case, we were able to rule out the possibility of high sequencing error as both fragments were also found in other complete genomes (Borrelia afzelii HLJ01; GCF_000304735.1 and Borrelia afzelii Tom3107; GCF_000741005.1). The presence of these two fragments in different strains can be only explained by vertical evolution, not sequencing errors. Fragment #2, a potential pseudogene, was found between two tRNA genes within an rRNA operon where Fragment #1 was also located. In the maximum-likelihood phylogenetic tree (Fig. 2) , Fragment #2 shared the common ancestor with Fragment #1, with a high rate of mutations, which resulted in a very long branch; this phenomenon is a typical characteristic of recently duplicated pseudogenes.
Although it is rare, two 16S rRNA gene fragments on the same genome can have significantly different sequences while both remain functional [19, 20] . In our reference 16S rRNA database, all major sequence types of these known special cases are included to make sure that they are not predicted as 'Contaminated'. Also, we relaxed the criteria for calling for contamination by excluding the cases where two best hits belong to the same genus when compared against the reference 16S rRNA database.
Using our algorithm, 594 genomes (0.85 % of the total analysed genomes) out of 69 745 in the NCBI Assembly Database were predicted as 'Contaminated'. None of 5412 complete genomes were detected as 'Contaminated' by the ContEst16S algorithm. This is because sequencing reads derived from minor contaminants are probably ignored during the process of genome assembly. A typical case of contaminated genome assemblies, namely Acinetobacter baumannii strain 45 057_1 (GCF_000682075.1), is given in Fig. 3 . It contains ten 16S rRNA gene fragments among which eight were correctly matched to Acinetobacter baumannii but the remaining two to Enterococcus faecium and Escherichia coli group with >99 % sequence similarity, respectively. This case can be only explained by contamination, rather than double events of lateral gene transfer.
CheckM [10] is a widely used software tool that can be used to determine if a genome assembly is contaminated. We used the CheckM tool to screen the 594 genomes that were already predicted as 'Contaminated' by ContEst16S. CheckM was not able to detect 42 genomes (7 %) that are clearly recognized as 'Contaminated' by ContEst16S. CheckM could not extract single-copy protein-coding genes from seven genomes. Detailed results of comparison between ContEst16S and CheckM are given in Fig. S1 , available in the online Supplementary Material.
The 16S rRNA gene fragments that are considered to have originated from potential contaminants were taxonomically identified against the quality-controlled reference database [16] . The frequencies of the biological contaminants in the 594 genomes are summarized in Table 1 . The most frequent contaminant is the Bacillus cereus group in which Bacillus thuringiensis and Bacillus anthracis are also included as they are indistinguishable by 16S rRNA gene sequences. These organisms are commonly found in soil [21] , implying that the cultures used in the DNA extraction step were probably contaminated. Contamination by human, Arabidopsis and soybean DNA probably occurred in the laboratories where DNA of these organisms is also handled for NGS library preparation or DNA sequencing [6] . Identifying the sources of contamination in various steps of genome sequencing should provide a better way to prevent future contaminations, implying the utility of our algorithm for routine genomics facilities.
The list of genomes in the NCBI database that were predicted as 'Contaminated' by our algorithm is given in Table S1 . The web-based service of our algorithm is also available at www.ezbiocloud.net/tools/contest16s in which the results of the ContEst16S algorithm, as well as the phylogenetic tree, are provided upon upload of a FASTA-format genome assembly.
There is no perfect way of detecting all contamination events from whole genome assemblies unless the genome sequence is completely determined. For example, a contamination event by a taxonomically closely related organism cannot be differentiated, with high confidence, from microsequence heterogeneity of rRNA operons, sequencing errors or the presence of pseudogenes. Furthermore, given that a bacterial genome represents a mosaic genetic composition and has great potential to obtain a gene or gene clusters from other organisms, it is difficult to differentiate contaminated DNA from recently transferred DNA. However, some genes, including rRNA genes, are known to be rarely mobile and can be used to detect clear cases of contamination during genome sequencing projects. Finally, it is noteworthy that the proposed algorithm is dependent on the taxonomic Fig. 3 . Maximum-likelihood phylogenetic tree of ten 16S rRNA gene fragments extracted from the Acinetobacter baumannii 45 057_1 genome (Accession GCF_000682075.1), two of which were predicted as contaminants. Two probable sources of contaminations are strains belonging to Enterococcus faecium and Escherichia coli group that may include Shigella species. Bar, 0.05 changes per position. Table 1 . Top ten frequent contaminants from 594 whole genome assemblies that were predicted by the ContEst16S algorithm A total of 1029 contaminating organisms were identified in this study. The remaining contaminating organisms are detailed in Table S2 . coverage of a reference 16S rRNA database as contaminants are confirmed only if they showed >97 % sequence similarity to reference sequences.
Organism
The algorithm presented here should provide a robust and efficient way of detecting possible biological contaminations, which is demonstrated by the identification of a significant number of contaminated genome assemblies in the NCBI Assembly Database. Along with the software tools based on single-copy protein-coding genes [9, 10] , ContEst16S will improve our means of quality assurance, which is of primary importance in laboratories for routine genomics, clinical microbiology and public health.
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